A fuel-cycle model-called the Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) model-has been developed at Argonne National Laboratory to evaluate well-to-wheels (WTW) energy and emission impacts of motor vehicle technologies fueled with various transportation fuels. The new GREET version has up-to-date information regarding energy use and emissions for fuel production activities and vehicle operations. In this study, a complete WTW evaluation targeting energy use, greenhouse gases (CO 2 , CH 4 , and N 2 O), and typical criteria air pollutants (VOC, NO X and PM 10 ) includes the following fuel options -gasoline, diesel and hydrogen; and the following vehicle technologies -spark-ignition engines with or without hybrid configurations, compression-ignition engines with hybrid configurations, and hydrogen fuel cells with hybrid configurations. Based on the detailed up-to-date data, probability-based distribution functions for key input parameters regarding WTP activities and vehicle operations were built into GREET to address the uncertainties of energy use and emissions. The WTW analysis shows that advanced vehicle/fuel systems achieve reductions in energy use, GHG emissions and criteria pollutant emissions compared to baseline gasoline vehicles by 1) improved vehicle fuel economy, 2) declined tailpipe/evaporative vehicle emissions, and/or 3) differences in fuel production pathways.
INTRODUCTION
In 1995, with funding from the U.S. Department of Energy (DOE), the Center for Transportation Research (CTR) of Argonne National Laboratory (ANL) began to develop a model for estimating the full fuel-cycle energy and emissions impacts of alternative transportation fuels and advanced vehicle technologies [ 10 ], and sulfur oxides [SO X ]).
Since the release of the first version of GREET (GREET1.0) in 1996, Argonne continues to update and upgrade the model. Development of earlier GREET model versions (e.g., GREET1.5) were documented in Wang [2] [3] . In 2001, stochastic simulation was introduced into the GREET model. Subsequently, a new version-GREET1.6-was developed and released [5] . In later part of 2005, a brand new version-GREET1.7-will be released. This version reflects many new efforts conducted by Argonne during the last four years, including many new features (e.g., built-in stochastic analysis tool), new fuel/vehicle pathways, and up-to-date information regarding energy use and emissions for fuel production activities and vehicle operations [6] .
In this study, a complete well-to-wheels (WTW) evaluation targeting energy use, GHGs (CO 2 , CH 4 and N 2 O) and typical criteria air pollutants (VOC, NO X and PM 10 ) was conducted for Model-Year 2010 vehicles in calendar year 2016 by using GREET1.7. The fuel option selections include: 1) reformulated gasoline (RFG) with ethanol (EtOH) as oxygenate, 2) low-sulfur diesel (LSD), 3) gaseous hydrogen (GH 2 ). The vehicle technology selections include: 1) conventional spark-ignition (SI) engines, 2) SI engine hybrids, 3) compression-ignition (CI) direct-injection (DI) engine hybrids, and 4) hydrogen fuel cell vehicles with hybrid configurations. The combined fuel/vehicle systems for simulation are listed in Table 1 . The vehicles are based upon a mid-size passenger car. For criteria pollutant emissions associated with upstream feedstock and fuel production stages (or well-to-pump, WTP), the National Emissions Inventory (NEI) and Clean Air Interstate Rule (CAIR) are the major sources. The detailed information on extraction and refinement of emissions data from these sources are summarized in Brinkman and Wang et al. [7] . For vehicle fuel economy estimates, the Powertrain System Analysis Toolkit (PSAT) developed by Argonne was applied. For emissions associated with vehicle operation stage (or pump-to-wheels, PTW), US Environmental Protection Agency (EPA)'s MOBILE6.2 and California Air Resources Board (CARB)'s EMFAC2002 models were used to simulate emission factors for the included vehicle technologies meeting different bins of EPA's Tier 2 emission standards. Based on these detailed data, probability-based distribution functions were built into GREET to address the uncertainties of energy use and emissions for key WTP activities as well as vehicle operations. GREET takes into account the probability distributions of key input parameters and produce the results in the form of a statistical distribution. We compared the results of WTW energy use, GHG emissions and criteria air pollutant emissions among these selected fuel/vehicle systems. Figure 1 shows the GREET modeling boundary of a typical transportation WTW analysis. To allow comparison with conventional analyses covering only vehicle operations, results of a WTW analysis are often separated into two groups: WTP and PTW. WTP stages start with fuel feedstock recovery and end with fuels available at refueling stations. PTW stages cover vehicle operation activities. 
METHODOLOGY, DATA SOURCES AND KEY ASSUMPTIONS

MODELING BOUNDARY
STOCHASTIC SIUMUALTIONS IN GREET
The parametric assumptions made in the GREET model involve uncertainties. On the basis of published data for given fuel-cycle stages, we established probability distribution functions for key parameters, such as energy efficiencies, GHG emission factors, as well as criteria pollutant emission factors, for each WTW stage (details refer to the next section). Several sampling techniques, such as Hammersley Sequence Sampling (HSS), Monte Carlo Sampling (MCS) and Latin Hypercube Sampling (LHS), were built into GREET1.7 to take into account the probability distributions of key input parameters and produce the results in the form of a statistical distribution rather than a point estimate for a given energy or emission item. In this way, results with probabilities of 10%, 50%, 90%, etc., can be obtained. In this study, we applied HSS sampling technique for stochastic simulations.
FEEDSTOCK AND FUEL PRODUCTION ASSUMPTIONS
Assumptions Related to Energy and GHG Emissions Table 2 lists the key assumptions used for WTP energy efficiency and GHG emissions. Detailed discussions of these data assumptions please refer to references 4 and 7. For the two GH 2 production pathways in this study (see table 1), GH 2 production efficiency data are updates based on the most recent sources (such as the Hydrogen Analysis [H2A] effort in Department of Energy). We assumed 250 miles distance for H 2 transportation from central plants to refueling stations via pipeline in this study.
For WTP stages, there are two major CO 2 emission sources: combustion of process fuels and direct emissions from production or conversion processes (such as the SMR process for hydrogen production). CO 2 emissions from process fuel combustion are calculated by using the carbon balance approach.
Emissions of CH 4 and N 2 O from a combustion process (in g/mmBtu of fuel combusted) are based primarily on EPA's AP-42 report [8] . Due to lack of data, emission factors for CH 4 and N 2 O from fuel combustion are still point-based emissions factors. Emissions for a particular WTP activity are calculated in g/10 6 (million) Btu of fuel throughput from that activity. Emissions occurring during an individual activity include those resulting from the combustion of process fuels and from non-combustion processes such as chemical reactions and fuel leakage and evaporation. The latter emission sources are fuel-specific and activity-specific.
Emissions from combustion of process fuels for a particular activity are calculated by using the following formula:
Where, EM cm,i =Combustion emissions of pollutant i in g/10 6 Btu of fuel throughput, EF i,j,k =Emission factor of pollutant i for process fuel j with combustion technology k (g/10 6 Btu of fuel burned), and FC j,k =Consumption of process fuel j with combustion technology k (Btu/10 6 Btu of fuel throughput).
Emission factors are a key component in determining WTP criteria pollutant emissions. Based on historical EPA's NEI database (1999), representative data for each major WTP process were extracted from the inventory and combined process throughput data to provide emissions factors. Then, on the basis of the inventory data and an assessment of future stationary source emissions controls, distribution functions were developed to represent expected emissions in 2016. Detailed methodologies and discussions could be found in Reference 7. Tables 3 and 4 list key parameters for distribution functions of criteria air pollutant emission factors for fuel combustion and non-combustion processes, respectively, for this study.
Because many of the WTP processes in our study consume electricity, emissions related to electric utility sources need to be considered. In projecting emissions distributions for 2016 electric utility sources, we do take into account the impacts of EPA's new regulation CAIR (see http://www.epa.gov/cair for detailed information) [9] . According to EPA, the CAIR will reduce emissions of SO 2 and NO X in 28 eastern states and the District of Columbia in two phases (2010 and 2015). For example, NO X emissions will be reduced by 2.0 million tons (a 61% reduction from 2003 levels) in 2015. Based on historical electricity generation emission data and the projections of CAIR impacts, electric utility emission factor distributions for 2016 were constructed, as shown in Table 5 . The PSAT model developed by ANL and written in MATLAB, Simulink and C# was used to estimate the fuel economy for several conventional and advanced vehicles representing current and future technology in transportation [10] . PSAT is a causal model, also know as forward looking, in that a driver model is used to calculate a torque demand at the wheels. This torque demand is then fed to the vehicle level controller which calculates each of the individual component commands needed to meet the torque demand at the wheels. These commands are then sent to the different components, such as throttle position for the engine, displacement for the clutch, gear number for the transmission, or mechanical braking for the wheels. As components in PSAT react to commands causally, PSAT can employ advanced component models, account for transient effects (e.g., engine starting, clutch engagement/disengagement, or shifting), and be used to develop control strategies that easily migrate over to the bench from the computer allowing them to control the actual hardware. Finally, fuel economy results predicted by PSAT have been shown to agree with testing results within 5% for several advanced vehicles.
For this study, a Model-Year 2010 midsize car platform was applied. EPA studies found that drivers were typically achieving lower fuel economy than predicted by EPA laboratory tests. As a result, EPA adjusts the laboratoryderived city and highway MPG estimates downward by 10% for city estimates and by 22% for highway estimates to better reflect the on-road MPG [11] . Therefore, we adjusted PSAT simulation results by the same method for each vehicle technology. Table 6 lists the adjusted fuel economy results of selected vehicle technologies for this study. We assumed that lighter passenger cars could be certified to lower emission bins than the heavier light-duty trucks and sport-utility vehicles (SUVs). Some propulsion systems have inherently lower emissions relative to the baseline conventional system (for example, gasoline ICE hybrid vs. gasoline ICE); however, this advantage will become smaller as conventional vehicles meet the more stringent emission standards. So in our study, all hybrid cars were assumed to be one bin lower than their conventional counterparts. Diesel vehicles generally have higher emissions for NO X and PM 10 , but much lower for other pollutants such as VOC, compared to gasoline vehicles in the same class. we assumed an on-board diagnosis (OBD) and inspection and maintenance (I/M) program, an average speed of 28 mi/h, a fuel Reid vapor pressure of 6.8 for summer (July) and 11.0 for winter (January), and a diurnal temperature of 72°F to 92°F for summer (July) and 34°F to 46°F for winter (January). Emission factors were averaged by modeling the July and January scenarios.
Emission factors of VOC and NO X generated by MOBILE6.2 for each bin are much higher than those generated by EMFAC2002. Different prediction patterns for Tier 2 vehicles coupled with many other different parametric assumptions between these two models may cause the big differences in simulated emissions. On the other hand, the EMFAC2002 PM 10 emission factors are much higher than those generated by MOBILE6.2. The main reason is EMFAC2002 incorporates a moderate deterioration rate in exhaust PM 10 , whereas MOBILE6.2 assumes there is no deterioration for passenger cars. Because these two models produce significantly different results for the same vehicle technology, an arbitrary selection of one over the other for the emission rates estimates may not be justified. In this study, we developed the distribution functions for these emission factors based on the following assumptions: 1) the lower emission rate value estimated by any one of the two models (e.g., EMFAC2002 for exhaust VOC) is used as the P10 value for the Weibull distribution; 2) the higher emission rate value estimated by the other model (e.g., MOBILE6.2 for exhaust VOC) is used as the P90 value for the Weibull distribution; and 3) the average of the results by the two models is set as the P50 value. Table 8 lists the distribution functions of emission factors for a mid-size passenger car. Besides exhaust PM 10 , tire and brake wear PM 10 emission factor was also evaluated by both models, with the same result of 0.0205 g/mi.
It should be noted both models are much less-reliable to simulate Tier 2 light duty diesel vehicles (especially for NO X ) because the contributions of light duty diesel vehicles to current total U.S fleet is negligible and their emission data is scarce. For NO X , we simply applied emission factor for gasoline passenger car, derived from both models, to diesel passenger car at each bin level (see Table 8 ).
The emission factor of N 2 O for gasoline car, as shown in Table 7 , is derived with data available from the US EPA [12] . The N 2 O emission rates for other vehicle technologies except H2 FCV (zero N 2 O emissions) are assumed the same as that for gasoline car. 
WTW Energy Use and GHG Emissions of Selected Vehicle/Fuel Systems
Compared to baseline SI ICE, advanced SI ICE achieves 14% of reductions in WTW total energy use due to higher fuel economy projection. The other four advanced vehicle/fuel systems all reduce total energy use by 35% to 45% relative to baseline GV primarily because much higher fuel economy is achieved by these advanced vehicle technologies (see Figure 2-a) . This is especially true for H 2 FCV pathways, where energy penalties occurred during the WTP (fuel production) stages. For diesel CIDI ICE hybrid vehicle, more efficient diesel WTP stage is also a factor in the reduced WTW energy use for this particular pathway. It should be noted that we start to account for Btu energy in the wind-electricity produced, not the energy in the wind, for the pathway of H 2 production from central wind turbine electricity via electrolysis. The Btus in primary renewable energy (e.g., wind energy) sources are not a concern because they are useless to address energy resource depletion issues and emissions calculations (i.e., combustion emissions of an energy source).
Figure 2-b presents WTW per-mile fossil energy use results for the selected vehicle/fuel systems. Fossil energy use here includes petroleum, NG, and coal. Among the selected vehicle/fuel systems, WTW fossil energy use patterns are similar to those for WTW total energy use except central wind turbine electricity-to-H 2 pathway. This is because the majority of the energy used for petroleumbased and NG-based systems is fossil energy. For these advanced petroleum-based and NG-based systems, the reductions in fossil energy use compared to baseline SI ICE primarily result from higher vehicle fuel economy as well. The distinct difference between total energy and fossil energy use lies in central wind turbine electricity-to-H 2 pathway. Because the energy in H 2 is from renewable wind energy, which is excluded from the fossil energy category, this pathway shows huge reductions in fossil energy use: 93% lower than that of baseline SI ICE. In fact, reduced fossil energy use is one of the major reasons for interest in renewable fuels.
Figure 2-c presents WTW per-mile results on petroleum energy use. Reductions in petroleum use by these technologies are an important energy benefit because the U.S. now imports over 60% of its crude oil [13] , adding to national energy security concerns and potential negative economic effects. Advanced SI ICE and SI ICE hybrid achieve 14% and 34%, separately, of reductions in petroleum energy use relative to baseline SI ICE because of vehicle fuel economy improvement. Advanced CIDI ICE hybrid reduces 41% of petroleum energy use compared to baseline SI ICE by combination of higher vehicle fuel economy and more efficient diesel production. Not surprisingly, NG-to-H 2 and renewable (wind in this study) electricity-to-H 2 pathways almost eliminate petroleum use.
Figure 2-d shows WTW per-mile GHG emission results (as CO 2 -equivalent emissions of CO 2 , CH 4 and N 2 O) for the selected vehicle/fuel systems. Advanced SI ICE, SI ICE hybrid, and CIDI ICE hybrid reduce 14%, 34% and 42%, respectively, of reductions in GHG emissions compared to baseline SI ICE primarily due to vehicle fuel economy improvement. GHG emission reduction by FCV hybrid with H 2 production from distributed NA NG is larger than that of fossil energy reduction relative to baseline SI ICE (48% of GHG reductions vs. 40% of fossil energy reductions). This is because NG has less carbon per unit of energy than petroleum-based fuels. For example, carbon intensity (grams of carbon per Btu of fuel) for low sulfur diesel is about 33% higher than that for NG. GHG emission reduction by FCV hybrid with H 2 production from central wind turbine electricity relative to baseline SI ICE is as high as 92%. Although these two H 2 FCVs have zero PTW GHG emissions, there are fossil fuels (or fossil fuelsrelated electricity) consumed among various activities (e.g., H 2 compression) at WTP stage, resulting in GHG emissions.
CRITERIA AIR POLLUTANT EMISSIONS
Figures 3 through 5 show WTW VOC, NO X , and PM 10 emissions, respectively, for the selected vehicle/fuel systems. For each criteria air pollutant, both total and urban emissions are presented. Because population exposure is an important factor in assessing the health effects of criteria pollutants, the separation of emissions into total and urban emissions in the GREET model is intended to provide an approximation of potential population exposure. Figures 3-a and 3-b present per-mile WTW total and urban VOC emissions. As shown in Figure 3 -a, advanced SI ICE achieves 6% of total VOC reductions relative to baseline SI ICE due to lower WTP VOC emissions driven by higher fuel economy. SI ICE hybrid could reduce 26% of total VOC emissions compared to baseline SI ICE by the combination of higher fuel economy and lower PTW VOC exhaust emission factor. Because petroleum-based diesel and H 2 are non-volatile fuels, they achieve large benefit in reducing VOC emissions. These three pathways (one for diesel and two for H 2 ) reduce 75%, 91% and 99% of total VOC emissions relative to baseline SI ICE, respectively. WTP VOC emissions become a significant share of total WTW results for all of these vehicle/fuel systems (around 30% to 45% for petroleum-based fuels pathways and 100% for H 2 pathways) as exhausted and evaporative VOC emissions continue to decline. For urban VOC emissions, the patterns among various systems are similar to those for total VOC emissions. Urban VOC emissions are 40-45% lower than total VOC emissions for petroleum-based systems, and more than 80% lower for H 2 pathways.
Figures 4-a and 4-b present per-mile WTW total and urban NO X emissions. As shown in Figure 3 -a, advanced SI ICE achieves moderate total NO X reductions relative to baseline SI ICE due to lower WTP NO X emissions driven by higher fuel economy. SI ICE hybrid could reduce 30% of total NO X emissions compared to baseline SI ICE by the combination of higher fuel economy and lower PTW NO X emission factor. Due to higher PTW NO X emissions anticipated for diesel vehicles compared to their gasoline counterpart, CIDI ICE hybrid achieve less NO X emission reductions than that for VOC. Although FCVs have zero PTW NO X emissions, there are several upstream WTP activities generate NO X emissions. FCV hybrid could reduce as much as over 85% of NO X emissions compared to baseline SI ICE depending on the selection of H 2 production feedstocks (e.g., wind electricity-to-H 2 ). WTP total NO X emissions become a dominant source of total WTW results for all of these vehicle/fuel systems. For example, the WTP total NO X contributions are over 50% of WTW total NO X for all of the petroleum-based fuels. Urban emissions, as the WTP contributions dropped, are still around 50% for gasoline and around 40% for diesel. Urban NO X emissions, as shown in Figure 4 -b, are typically 60-70% lower than total NO X emissions for most of the selected systems.
Figures 5-a and 5-b present per-mile WTW total and urban PM 10 emissions. As shown in Figure 5 -a, PM 10 reduction benefits of petroleum-based vehicles follow the similar patterns as that for NO X . For H 2 FCVs, WTW total PM 10 emissions could be more or less than baseline SI ICE, depending on the selection of H 2 production feedstocks. That is because several upstream WTP activities (e.g., NG SMR process) generate a significant amount of PM 10 emissions, resulting in comparable WTW total PM 10 emissions to baseline SI ICE. Urban PM 10 emissions, as shown in Figure 5- 
CONCLUSION
The effects of WTW energy use, GHG emissions and criteria air pollutant emissions (VOC, NO X , and PM 10 ) for selected vehicle/fuel systems were evaluated with stochastic simulations in the GREET model with the up-todate information.
Advanced vehicle/fuel systems could achieve moderate to significant reductions in energy use and GHG emissions compared to baseline SI ICE primarily because of the improvement of vehicle fuel economy. FCV hybrid with H 2 production from renewable source (e.g., central wind electricity in this study) could reduce as high as over 90% of fossil energy use, petroleum energy use, and GHG emissions. Similar to renewable electricity-to-H 2 pathway, NG-to-H 2 pathway could achieve huge reductions in petroleum use compared to baseline SI ICE.
Advanced vehicles fueled by gasoline could achieve moderate reductions in VOC, NO X and PM 10 emissions compared to baseline SI ICE, primarily resulted from one or both of the factors: 1) higher vehicle fuel economy; and 2) lower PTW emission factors. Diesel pathway achieves larger benefits in reducing VOC emissions than gasoline pathways do because diesel is a non-volatile fuel. H 2 FCV pathways may reduce a large amount of VOC and NO X emissions, but relatively small reductions in PM 10 emissions, depending on the selection of H 2 production feedstocks. WTP total criteria pollutant emissions become a significant/dominant source of total WTW results for all the vehicle/fuel systems as PTW emissions continue to decline. Urban emissions are typically 40-80% lower than total emissions for most systems evaluated.
Criteria air pollutant emissions are subject to greater WTW uncertainties than energy use and GHG emissions. 
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